A new concept of an electromechanical nanodynamometer based on the relative displacement of layers of bilayer graphene is proposed. In this nanodynamometer, force acting on one of the graphene layers causes the relative displacement of this layer and related change of conductance between the layers. Such a force can be determined by measurements of the tunneling conductance between the layers. Dependences of the interlayer interaction energy and the conductance between the graphene layers on their relative position are calculated within the first-principles approach corrected for van der Waals interactions and the Bardeen method, respectively. The characteristics of the nanodynamometer are determined and its possible applications are discussed.
I. INTRODUCTION
Due to the unique electrical and mechanical properties, carbon nanostructures (fullerenes, carbon nanotubes and graphene) are considered as promising materials for the use in nanoelectromechanical systems (NEMS). Since the conductance of carbon nanotubes depends on the relative displacement of nanotube walls at the sub-nanometer scale, [1] [2] [3] a set of nanosensors based on such a displacement was proposed. This set includes a variable nanoresistor, 4 ,5 a strain nanosensor 6 and a nanothermometer 7, 8 (see Ref. 9 for a review). A number of nanotube-based NEMS, such as a nanoresonator based on a suspended nanotube 10, 11 and a nanoaccelerometer based on a telescoping nanotube, 12, 13 were suggested as means for measurements of small forces and accelerations by detection of changes in the system capacitance. In addition to zero-dimensional and one-dimensional carbon nanostructures, fullerenes and carbon nanotubes, a novel twodimensional carbon nanostructure, graphene, was discovered recently.
14 By analogy with NEMS based on carbon nanotubes, nanodevices based on graphene were proposed. 15, 16 A nanoresonator based on flexural vibrations of suspended graphene was implemented. 17 Similar to devices based on the dependence of conductance of carbon nanotubes on the relative displacement of nanotube walls, NEMS based on the dependence of conductance of graphene on the relative displacement of graphene layers can be considered.
In this paper, we propose a new concept of an electromechanical nanodynamometer based on the relative displacement of layers of bilayer graphene and investigate the operating characteristics of this sensor. The conceptual design of the nanodynamometer is shown in Fig. 1 . The operation of the nanodynamometer is determined by the balance of only two forces: an external force, F ext , applied to the movable layer of the bilayer graphene, which should be measured, and a force of interlayer interaction, F int . The feedback sensing of the external force is based on the dependence of the tunneling conductance G on the displacement of the movable layer under the action of the external force.
The paper is organized in the following way. Calculations of a) Electronic mail: poklonski@bsu.by the dependence of the force of interlayer interaction on the relative displacement of graphene layers and estimations of accuracy of force measurements are presented in Section II. Section III is devoted to calculations of the tunneling conductance between graphene layers. Our conclusions and discussion of possible applications of the nanodynamometer are summarized in Section IV.
II. INTERLAYER INTERACTION OF BILAYER GRAPHENE
To study the dependence of the force of interlayer interaction, F int , on the relative displacement of graphene layers the interlayer interaction of bilayer graphene has been investigated in the framework of the density functional theory with the dispersion correction (DFT-D). 18, 19 The periodic boundary conditions are applied to a 4.26 Å × 2.46 Å × 20 Å model cell. The VASP code 20 with the density functional of Perdew, Burke, and Ernzerhof 21 corrected with the dispersion term (PBE-D) 22 is used. The basis set consists of plane waves with the maximum kinetic energy of 800 eV. The interaction of valence electrons with atomic cores is described using the projector augmented-wave method (PAW). 23 Integration over the Brillouin zone is performed using the Monkhorst-Pack method 24 with 24 × 36 × 1 k-point sampling. In the calculations of the potential energy reliefs, one of the graphene layers is rigidly shifted parallel to the other. Account of structure deformation induced by the interlayer interaction was shown to be inessential for the shape of the potential relief for the interaction between graphene-like layers, such as the interwall interaction of carbon nanotubes 25, 26 and the intershell interaction of carbon nanoparticles. 27, 28 The DFT-D calculations show that the ground state of bilayer graphene corresponds to the AB stacking (Bernal structure) with the interlayer spacing δZ = 3.25 Å and the interlayer interaction energy −50.6 meV/atom. The interaction of a single carbon atom in the graphene flake with the graphite surface was described using the simple approximation 29, 30 containing only the first Fourier components. Based on that expression, the interlayer interaction energy U(δx, δy) as a function of the relative displacements δx and δy of the layers along the axes x and y chosen along the armchair and zigzag directions, respectively, at the equilibrium interlayer spacing can be roughly approximated in the form
where
42 Å is the bond length of graphene (see Fig. 2 ), δx = 0 and δy = 0 at the AB stacking. The parameters U 0 = −101.18 meV and U 1 = 8.48 meV (per elementary unit cell) are fitted to reproduce the potential energy relief of bilayer graphene. The relative rootmean-square deviation δU/U 1 of approximation (1) from the potential energy relief obtained using the DFT-D calculations is found to be δU/U 1 = 0.043. The potential energy relief calculated using approximation (1) is shown in Fig. 3 .
For simplicity, we restrict the analysis of operation of the nanodynamometer by the case where the external force F ext is directed along the x (armchair) direction, i.e. along the path between adjacent energy minima. The dependence of the interlayer force on the displacement of the movable layer in this direction can be calculated using approximation (1),
This dependence is shown in Fig. 4a . Under the action of the external force F ext , the equilibrium position of the layers is determined by the condition F ext + F int = 0. This equilibrium is stable if the matrix of the second derivatives of the potential function U(x, y) is positive definite. Differentiating Eq. (1), we find that the stable equilibrium is possible up to the displacement |δx 1 | ≈ 0.229a CC in the direction corresponding to transition from the AB stacking to the SP stacking and up to the displacement |δx 2 | = a CC /4 in the direction corresponding to transition from the AB stacking to the AA stacking. The maximum forces that can be measured in these directions are F 1 = 15 pN and F 2 = 40 pN per elementary unit cell, respectively. In Figs. 3 and 4 , the regions where the stable equilibrium is possible and is not possible are shown with the solid the dashed lines, respectively.
The upper limit of forces that can be measured using the graphene-based nanodynamometer is proportional to the overlap area of the graphene layers and is given by overlap area. For example, for the overlap areas of 10 2 and 10 4 nm 2 , the maximum forces that can be measured are 76 nN and 7.6 µN, respectively. The accuracy of the force measurements is limited by thermal vibrations of the graphene layers. The amplitude of these vibrations can be estimated as
where k B is the Boltzmann constant, T is temperature and ∂ 2 U/∂x 2 is the second derivative of the interlayer interaction energy with respect to the displacement of the layers along the armchair direction at the energy minimum. The latter quantity is found to be equal
per elementary unit cell from Eq. (1). The relative error of the force measurements can be estimated as the ratio of the amplitude of the thermal vibrations to the maximal displacement of graphene layers where the stable equilibrium is possible. At liquid helium and room temperatures, these ratios equal
So for the overlap area of 100 nm 2 , these quantities are 0.005 and 0.044, respectively. It is seen that the relative error of the force measurements decreases with increasing the overlap area of the graphene layers.
III. CONDUCTANCE OF BILAYER GRAPHENE
Let us show that tunneling conductance G between graphene layers changes considerably with the relative displacement of the layers and therefore measurements of the conductance G can be used to determine this displacement. We use the Bardeen method, 33 which was previously applied for calculation of the tunneling conductance between walls of doublewalled carbon nanotubes. 3 It is known 34 that the tunneling conductance is proportional to the sum of squares of the amplitudes of the tunneling transition (tunneling matrix elements) for all electron states at both sides of the tunneling transition. This approach was used previously to study the electronic structure 35 and conductance 36 of twisted two-layer graphene system. Here we use such an approach to calculate the relative changes of tunneling conductance G between the layers at their relative displacement from the ground state corresponding to AB stacking.
In the framework of the Bardeen's formalism, 33 the amplitude of the tunneling transition between states of the bottom (Ψ bot ) and top (Ψ top ) layers of bilayer graphene is given by
where S is the overlap area between the graphene layers, k bot and k top are two-dimensional vectors in the reciprocal space of the graphene lattice corresponding to the bottom and top layers, m 0 is the electron mass in vacuum, = h/2π is the Planck constant.
In the tight-binding approximation for vectors k bot (or k top ) near the corners (K-points, 32 K = (2π/(3a CC ), 2π/(3 √ 3a CC )) and K ′ = (2π/(3a CC ), −2π/(3 √ 3a CC ))) of the Brillouin zone (Fig. 2b) , the wave function of the bottom graphene layer takes the form
and the same formula for Ψ top . Here N G is the number of the elementary unit cells of graphene, d is the vector between two non-equivalent carbon atoms (A and B) in the elementary unit cell, d = a CC ; signs + and − correspond to π-(bonding) and π * -(antibonding) orbitals in graphene, respectively, R bot g is the radius vector of the g-th unit cell of the bottom graphene layer, r is the radius vector. The function χ(r) is a Slater 2p x -orbital
where 38 ξ = 1.5679/a B and z is the axis perpendicular to the graphene plane; a B = 0.529 Å is the Bohr radius and r = x 2 + y 2 + z 2 is the magnitude of the radius vector r from carbon atom center.
Let us substitute the wave function (5) into Eq. (4). The product Ψ * bot ∇Ψ top in Eq. (5) can be rewritten as
where r ′ = r − R Since all unit cells of graphene are identical, only one cell of the bottom layer can be considered in the calculation of M k bot ,k top bot,top . It should also be taken into account that for large N G ≫ 1 the following relation is satisfied
where δ k bot ,k top is the Kronecker symbol. Taking into account Eqs. (7) and (8), the Eq. (4) takes the form
Applying δ k bot ,k top in Eq. (9), we get only vectors k top = k bot . This yields for
where (Fig. 2a) , taking into account that the interactions between atoms lying at longer distances change the value of the matrix element by less than 0.1%.
The hopping integrals γ A(B)−A
) in Eq. (10) are given by
where the index A(B) denotes atom A (or atom B), 5 ). The function γ ρ can be approximated (with accuracy within 3%) by an expression γ ρ = γ max exp(−ζ(ρ/a CC ) 2 ), where γ max = 189 meV and ζ = 0.8.
The calculation according to Eq. (11) for the AA stacking of bilayer graphene, in which equivalent atoms of the top and bottom layers are located opposite to each other, gives the values of the hopping integrals γ A ′ −A = γ B ′ −B = 189.2 meV. The expressions (6), (10) and (11) allow to calculate the tunneling matrix element. For the AB stacking (the Bernal structure, δx = 0 and δy = 0), the amplitude of the tunneling transition between the states Ψ bot and Ψ top of the bottom and top layers of bilayer graphene is found to be |M (10)).
The ratio of the tunneling conductance G to the tunneling conductance G AB of bilayer graphene at the ground state (δx = 0) equals to the ratio |M
determined by Eq. (10). The dependence of this ratio on the relative displacement of the layers along the x (armchair) direction is shown in Fig. 4b . It is seen that the tunneling conductance between the graphene layers strongly depends on their relative position at the sub-nanometer scale, similar to the results obtained for double-walled carbon nanotubes. [1] [2] [3] The conductance reaches its maximum for the AA stacking, in which atoms of the layers are located at the smallest distances to each other. The minimum of the tunneling conductance corresponds to the SP stacking. Figure 4 shows that the relative displacement of the graphene layers in the course of the operation of the nanodynamometer can result in changes of the tunneling conductance G in the relatively wide range from 0.61G AB to 1.73G AB . Thus it is seen that the relative displacement δx of the layers (Fig. 4b ) and, consequently, the external force acting to the layers (Fig. 4a) can be determined by the measurements of the electrical conductance between the layers. The model that we use to calculate the tunneling conductance adequately describes electron tunneling for relative positions of the graphene layers in which their atoms are not located exactly opposite to each other. In the case when the atoms are located exactly opposite to each other, hybridization of their wave functions occurs leading to a significant increase of the conductance which is now determined not by tunneling between the layers but rather by transitions between energy bands of the combined electron system of bilayer graphene. Therefore our calculations provide only the lower bound estimate of the relative variation of the tunneling conductance upon the relative displacement of the graphene layers. Nevertheless even this estimate is sufficient to demonstrate the feasibility of force measurements using the proposed design of the nanodynamometer.
Let us also consider the possibility of a nanodynamometer based on the relative rotation of graphene layers. At a relative translational displacement of the layers from the ground state corresponding to the AB stacking, the interlayer interaction energy increases and the tunneling conductance between the layers increases or decreases (depending on direction of displacement) identically for all local areas of the overlap. Contrary to that case, at a relative rotation of the layers, the interlayer interaction energy and the tunneling conductance change differently for local areas of the overlap. While the interlayer interaction energy increases for any local area since the AB stacking corresponds to the global energy minimum, the tunneling conductance increases for some local areas and decreases for the others. As a result, contributions from different local areas to the total tunneling conductance compensate each other. Therefore changes in the total tunneling conductance at the relative rotation of the layers are much smaller than such changes at the relative translational displacement. Moreover the force required for the relative rotation of the layers from the AB stacking to the incommensurate state is an order of magnitude greater than the force required for the displacement from the AB stacking to the SP stacking. 31 Thus the scheme of the nanodynamometer based on the relative rotation of the graphene layers is less effective than the proposed scheme based on the relative displacement of the layers. For the proposed scheme of the nanodynamometer, the relative rotation of the layers should be avoided, i.e. only forces that do not produce a significant torque should be considered. This is the case when the measured force acts 1) uniformly on all atoms of the upper layer, 2) on adsorbents uniformly distributed on the surface or edges of the upper layer in the area between the first and second bottom layers 3) on a nanoobject placed near the center of the upper layer.
IV. DISCUSSION AND CONCLUSIONS
We have proposed the concept of the electromechanical nanodynamometer based on bilayer graphene in which the force is determined by measurements of the conductance between the layers. In this nanodynamometer, the force acting on one of the graphene layers causes the relative displacement of this layer and related change of the conductance between the layers. The calculations of the potential relief of the interlayer interaction energy within the dispersion-corrected density functional theory approach showed that the stable equilibrium of bilayer graphene is possible if the measured force acting on one of the layers along the armchair direction does not exceed 40 pN per elementary unit cell. The corresponding displacement of graphene layers lies within 0.36 Å. The calculations of the tunneling conductance of bilayer graphene using the Bardeen method allowed us to estimate that on the relative displacement of the layers, the tunneling conductance changes by at least a factor of 2, which provides the excellent possibility to determine the force by the conductance measurements. The relative error of the force measurements is determined by the relative thermal vibrations of the layers. This error decreases with the increase of the overlap of the layers and with the decrease of temperature.
Let us discuss possible applications of the considered nanodynamometer. A molecule or a nanoobject can be adsorbed on the top layer of the nanodynamometer in the region where the top layer does not overlap with the bottom layers. The measurements of the force acting on the molecule or nanoobject in the presence of an electric or magnetic field would allow to determine their polarizability, electric and magnetic dipole and quadrupole moments.
In the pioneering work of Novoselov et al graphene flakes were placed on an insulating substrate and brought into contact with electrodes 14 (to create field-effect transistor). A further considerable progress has been achieved in manipulation of individual graphene layers. Individual graphene flakes were moved on a graphite surface by the tip of the friction force microscope. 39 The possibilities to cut graphene nanoribbons with desirable geometrical parameters 40 and remove individual graphene layers in a controllable way for device patterning 41 were demonstrated. The tunneling conductance can be measured for graphene in the way similar to the experiments for multiwall carbon nanotubes. 42, 43 All these give us a cause for optimism that the proposed graphene-based electromechanical nanodynamometer will be implemented in the near future.
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